Two morphological forms of black rats (Rattus cf. rattus) were found living in sympatry in high-altitude dense forests of the Nilgiri Mountains, South India. The 1st one, often brown-or gray-bellied, also is found commensal in lowland settlements and represents Rattus rattus cf. rufescens (Gray 1837), with a diploid number (2N) of 38 chromosomes. The 2nd form, which has most often a pure white belly, has 2N 5 42 chromosomes and is referable to Rattus r. satarae Hinton, 1918, based on morphological comparison with the holotype. A multidisciplinary study indicates that these 2 forms are characterized by clear-cut differences in biochemistry (electrophoresis of homologous isozymes), molecular sequences (mitochondrial and nuclear DNA), and chromosomes (detailed banding analysis). All these data, coupled to diagnostic morphological characteristics, support the hypothesis that Rattus satarae and Rattus rattus are separate, sympatric species, with no gene flow between them. Their similar external morphology is interpreted as the result of convergence through occupying the same ecological niche. The Indian subcontinent is the home of several morphological forms (often with subspecific status) of the black rat (Rattus rattus sensu lato) among which are R. r. satarae, R. r. wroughtoni, and R. r. gangutrianus (for a complete list see Corbet and Hill [1992] and Musser and Carleton [2005] ). These rats are ubiquitous, found in human habitations, cultivated crops, and often in montane secondary forests. Moreover, populations of R. rattus sensu lato can be divided into several chromosomal groups, among which 3 are relevant to this study: the Southeast Asian diploid number 2N 5 42 with high C-banding group, the Japanese 2N 5 42 with low Cbanding group, and the Oceanian 2N 5 38 group (Baverstock et al. 1983; Yosida 1980) .
with low C-banding) and the Oceanian (2N 5 38) forms. However, examination of electrophoretic data showed that these 2 taxa are related more closely to each other than to R. losea from Thailand (Southeast Asian 2N 5 42 with high Cbanding) or to laboratory-bred R. norvegicus. Similar results were found by Brown and Simpson (1981) based on mitochondrial DNA restriction fragment length polymorphisms, by Gemmeke and Niethammer (1984) based on allozyme electrophoresis, and by Pagès et al. (2010) based on multilocus DNA sequence data. Based on this growing body of evidence, the 2N 5 38 form should be called Rattus rattus (Linnaeus 1758)-described from Sweden, type unknownand the Japanese 2N 5 42 form, Rattus tanezumi Temminck, 1844-described from Japan, possibly near Nagasaki on Kyushu Island. Moreover, the Southeast Asian 2N 5 42 group appears paraphyletic because it encompasses several 2N 5 42 Rattus species, among which R. tanezumi is related more closely to the 2N 5 38 form than to any other 2N 5 42 Southeast Asian species. Consequently, the denomination 2N 5 42 group should be abandoned.
During a 1990 field trip in South India 2 of us (FC and AO) collected a series of white-bellied and gray-bellied rats living in sympatry in the montane tropical forests of Tamil Nadu that proved to be representatives of both chromosomal forms of the black rat (2N 5 42 and 2N 5 38). The aim of this study is to analyze the taxonomic status of this material on the basis of genic (biochemical and molecular), chromosomal, and morphological characteristics. Could the 2N 5 42 animals be related to a Southeast Asian form of Rattus, or do they correspond to another South Indian endemic species?
MATERIALS AND METHODS
Rats were livetrapped in several localities in Tamil Nadu, South India, with special attention afforded the high-altitude dense and wet forests of the Nilgiri Mountains (Appendix I) following guidelines approved by the American Society of Mammalogists (Gannon et al. 2007) . Preserved specimens are deposited at the British Museum (Natural History) in London, the Museum of Vertebrate Zoology in Berkeley, and the University of Montpellier (Appendix II). These specimens include the animals described as R. satarae and used as samples in some previous publications (Usdin et al. 1995; Verneau et al. 1997) , as mentioned by Musser and Carleton (2005) . The belly coloration allowed us to discriminate 2 morphotypes, whose head and body, tail, hind-foot, and ear lengths were measured (Table 1 ) and described in the field. Thirty-one ethanolpreserved specimens were examined for morphological variation, including 8 that had been karyotyped, 10 others that had been subjected to electrophoresis, and 14 whose mitochondrial or nuclear DNA, or both, was partially sequenced. External features examined were as follows: pigmentation of pelage; form of rhinarium, ear pinnae, and feet; number of teats; and scale pattern and hair distribution on the tail. Before the skulls were cleaned, soft palates were removed and preserved dry for examination of the pattern of palatal ridges as a diagnostic marker (Eisentraut 1969) . Thirty measurements of each skull were taken, and 17 cranial and 7 dental characters were scored. Statistical tests for comparing measurements between groups of individuals were 2-sample t-test with Welch correction and nonparametric Mann-Whitney test, as provided by the software GraphPAD Instat version 3.00 for Windows 95 (GraphPad Software, San Diego, California; www.graphpad.com). Additional specimens housed at the British Museum (Natural History) were examined (1 from Oottacamund and 7 from Kotagiri), and comparisons were made with all type specimens of R. rattus sensu lato from India and Nepal.
Tissue samples (liver, kidneys, heart, and spleen) of a few specimens representing both phenotypes were preserved in liquid nitrogen for a survey of variation of allozymes. Horizontal starch gel electrophoresis permitted the variation of proteins encoded by 23 putative loci to be scored following the methods of Pasteur et al. (1987) . Samples of laboratorybred Mus musculus domesticus and M. cervicolor were included for reference to allelic designations. The amounts of genic divergence between samples were estimated by Nei's (1972) genetic distance, and the matrix of electrophoretic distances was used to derive a tree by the neighbor-joining method (Saitou and Nei 1987) . Chromosomes were obtained from fibroblast cultures of tail biopsies made in the field. A detailed chromosomal analysis was performed for 2 males and 1 female (specimens V-527, V-528, and V-568) belonging to the 2N 5 42 chromosomal form, and for 3 males and 2 females (V-529 to V-532 and V-569) belonging to the 2N 5 38 form. Mitotic chromosomes were prepared by RBG R-banding and CBG C-banding techniques according to the procedures of Viègas-Péquignot and Dutrillaux (1978) and Summer (1972) , respectively. At least 15 metaphases were analyzed for each specimen. The individual chromosomes were labeled in accordance with the R-banded karyotype of R. norvegicus (Rønne et al. 1987; Viègas-Péquignot et al. 1983) , which corresponds to the classification of the Committee for a Standardized Karyotype of Rattus norvegicus (Committee for a Standardized Karyotype R N 1973).
The 2 forms of South Indian rats were included in the most comprehensive phylogeny proposed to date for the continental Southeast Asian rats (Pagès et al. 2010) . To do so, 2 mitochondrial genes, cytochrome b (Cytb) and the cytochrome c oxydase I (COI), plus the 1st exon of the nuclear gene encoding the interphotoreceptor retinoid binding protein (IRBP), were targeted as described in Pagès et al. (2010) . To avoid contaminations preamplification procedures and postamplification analyses were conducted in separate rooms in the laboratory. DNA was extracted from tissue with the DNEasy Tissue Kit (QIAGEN, Valencia, California) in accordance with the manufacturer's instructions. Primer sets used to amplify the Cytb, COI, and IRBP genes are detailed in Pagès et al. (2010) . All amplifications were performed in 25 ml containing about 30 ng of DNA extract, 0.2 mg/ml of bovine serum albumin (20 mg/ml; Roche, Basel, Switzerland), 300 mM of each deoxynucleoside triphosphate, 0.2 mM of each primer, 1 unit of Taq polymerase (QIAGEN), 2.5 ml of 103 buffer, and 0.5 mM of extra MgCl 2 . DNA was amplified with 40 cycles of denaturation (94uC for 30 s), annealing (48-58uC for 30 s), and elongation (72uC for 45-90 s depending on the length of the target). For some samples Cytb amplifications proved difficult with universal primers. New primer sets were thus designed: SATARAE-fw (TAATCACTCCTTCATTGA-CC) and SATARAE-rev (AGATTGGTATTAGAATGAGG), with an annealing temperature of 46uC; RatmodMP-fw (CAT-TCGRAAATCACACCC); and RAT-rev (GTTCTACTGGY-TGKCCYCC). These primers were used with the QIAGEN Multiplex PCR Master Mix with an annealing temperature of 60uC for 35 polymerase chain reaction cycles. Polymerase chain reaction products were sequenced by Macrogen (Seoul, South Korea).
Sequences were aligned by eye using SEAVIEW (Galtier et al. 1996) . They were translated into peptide sequences using the Transeq EMBOSS tool (Rice et al. 2000) to identify and eliminate putative numt copies and to ensure orthology. The homogeneity of base frequencies across taxa was investigated using a chi-square test implemented in PAUP* version 4.0b10 (Swofford 1998) . Cytb, COI, and IRBP sequences obtained by Pagès et al. (2010) for other continental Southeast Asian rat species were extracted from GenBank and added to our data (data set available upon request from corresponding author). To provide an appropriate outgroup to our phylogeny we included sequences of 2 Berdmore's rats (Berylmys berdmorei) and 2 Bower's giant rats (Berylmys bowersi) previously recognized as representing the 1st lineage to diverge among the Rattus division, as defined by Musser and Carleton (2005) ; see also Lecompte et al. (2008) and Pagès et al. (2010) . The 3 gene partitions then were combined in a single data set using the DAMBE software (Xia and Xie 2001) . In this way a data set of 45 rat sequences, corresponding to 2,980 base pairs (bp), was subjected to phylogenetic analysis. Partitioned maximumlikelihood analysis was performed using RAxML 7.0.4 (Stamatakis 2006) . Because model choice is limited in RAxML, the general time-reversible (GTR + C) model was selected for the 3 partitions, and individual a-shape parameters, GTR rates, and base frequencies were estimated and optimized for each partition. Robustness (bootstrap percentage [Bp] ) of the tree was assessed using the rapid bootstrap procedure with 100 replicates (Stamatakis et al. 2008) .
To provide evidence about the specific status of the 2 South Indian forms Cytb genetic distances were computed between each Rattus species with MEGA version 4.0 (Tamura et al. 2007 ). To correct for multiple hits at the same site (i.e., substitution saturation) estimates were obtained using the Kimura 2-parameter method. All positions containing gaps and missing data were eliminated (complete deletion option) so that computations were performed on 820 positions.
Our working procedure was as follows. Starting with the 8 karyotyped individuals, the skull and teeth examinations revealed 12 characters showing differences that correlated perfectly with each other and with chromosome numbers (Table 2) . These same characters also separated the nonkaryotyped specimens into 2 groups. Electrophoretic studies on 14 specimens also indicated 2 clear-cut groups, which corresponded with those suggested by skull morphology and chromosomal analysis. Finally, mitochondrial or nuclear DNA, or both, was sequenced from 8 karyotyped specimens representing both chromosomal types and from 6 additional specimens.
RESULTS
Chromosomal analysis.-The karyotype of 3 animals belonging to the 2N 5 42 form has 1 pair of subtelocentric chromosomes (the largest ones), 12 pairs of acrocentrics, and 7 pairs of meta-or submetacentrics (Fig. 1A) . The X chromosome is acrocentric, approximating the size of autosomal pairs 6 or 7, whereas the Y chromosome is the smallest acrocentric. The fundamental number (FN) is 58, and neither individual variation nor intraindividual heteromorphism was noticed.
Five individuals showed a 2N 5 38 karyotype, which can be derived easily from the 2N 5 42 form by 2 Robertsonian translocations (involving pairs 5 and 7 and 9 and 11) and 2 pericentric inversions in pairs 12 and 13. These 2 last rearrangements result in an increase of the FN to 62 (Fig. 1B) .
The X chromosome is acrocentric, and its banding pattern is identical to its counterpart in the 2N 5 42 form, whereas the Y chromosome is more than twice as large. As was revealed by C-banding (data not shown), these 2 forms are very different in the amount of C-band positive heterochromatin.
Morphological analysis.-External measurements and features were examined 1st (Table 1) . No significant variation could be detected for reliably separating both morphotypes. From the individual measurements taken in the field it appears that, on average, the 6 R. satarae from Avallanchi have longer tails (t 7 T5 3.066, P 5 0.018) and hind foot (t 9 5 3.153, P 5 0.011) than the 6 sympatric R. rattus. Samples of R. satarae and R. rattus caught in sympatry in Avallanchi were not significantly different for total head and body length (t 9 5 1.561, P 5 0.153) or ear length (t 8 5 1.549, P 5 0.160). Overall, specimens of R. rattus have a larger ear length than specimens of R. satarae (U 5 46.0, n 1 5 22, n 2 5 13, P 5 0.001).
No significant variation was detected among external characters apart from the presence or absence of pigmented bases of the ventral pelage. However, this showed a poor correspondence with chromosome number: 12/20 with some gray-based pelage in the 2N 5 38 form; 1/11 in the 2N 5 42 form. With 1 exception, white-bellied animals had the dorsal surface of the hind feet also white; in gray-bellied individuals the feet were either pure white or had a variable streak of brown, rarely extending to the digits. All adult females had 5 pairs of teats, including only 1 postaxial pair, not 2 as in some R. rattus. Eight of these were in the 2N 5 38 group, 4 in the 2N 5 42 group.
No significant bimodality could be detected among cranial measurements, except for overall size and relative length of the auditory bullae. The most clear-cut separation into 2 groups was achieved by a suite of small but mainly discrete cranial differences along with the pattern of palatal ridges and length of the auditory bullae. These groups correspond, as far as the smaller samples allow, to those based on chromosome number, DNA sequences, and electrophoretic results. (Fig. 3A, c and d) .16.3% ,16.3% 20/20 11/11 Postglenoid foramen (Fig. 3B, c and d ) Narrow Wide 19/20 11/11 Prezygomatic fossa with narrow extension anterior to suture (Fig. 3B, a) + 0 19/20 11/11 Temporal ridge with posterior end prominent as far as mastoid crest (Fig. 3B, c) + 0 20/20 11/11 Foramen ovale: margin uneven (Fig. 3A, c) + 0 19/20 a 11/11 Mastoid: notch on dorsal margin (Fig. 3B, c) + 0 20/20 7/11 Squamosal with narrow posterodorsal projection into parietal (Fig. 3B, c (Fig. 3A, d Twelve characters (Table 2 ) separate the 25 nonkaryotyped specimens into 2 groups with only a few inconsistencies, as do the 2 following additional characters: the shape of the anterior palatal foramina and of the lachrymonasal capsules. The more significant morphological characters distinguishing these 2 groups are described hereafter. The most accurate measure available is greatest length of skull. Variation with age makes comparison difficult, but by using 3 age classes defined by subjective assessment of tooth wear (slight wear, moderate wear, and extreme wear), it appears that the greatest lengths of skull in the 2N 5 42 group are considerably larger.
Variation exists in the number of chevron-shaped ridges on each side of the palatal ridge (Fig. 2) , between the 2 continuous anterior ridges, and between the (usually) 2 simple posterior ridges. Four pairs of chevron ridges (Figs. 2C-E) are found only in the 2N 5 42 group. Only 5 of the 11 specimens show this character. For the other specimens the 4 pairs are followed variably by 2, 1, or 1 and a half simple ridges. The remainder, including all of the 2N 5 38 group, have only 3 pairs of chevrons ridges (Figs. 2A an 2B) . No overlap is found between the 2 groups in length of the auditory bullae (Fig. 3A) , expressed as a percentage of the greatest length of the skull.
All but 1 of the 2N 5 38 group have the postglenoid foramen narrow, with the anterodorsal margin forming a single oblique curve (Fig. 3B, c) . In the 2N 5 42 group the anterior margin is nearly vertical and either straight or sinuous (Fig. 3B, d ). The prezygomatic fossa (Fig. 3B) , the shallow depression accommodating the anteroventral attachment of the masseter medialis muscle, has a narrow extension well anterior of the premaxilla-maxilla suture in most of the 2N 5 38 group (Fig. 3B, a) but ends in a broader curve at or just anterior to the suture in the 2N 5 42 group (Fig. 3B, b) . In the 2N 5 38 group the temporal ridge on each side remains strongly developed across the posterior part of the parietal, meeting the vertical mastoid crest (Fig. 3B, c) . In the 2N 5 42 group it is very feebly developed posterior to the point where the squamosal-parietal suture turns ventrally away from the temporal ridge (Fig. 3B, d ). Also a tendency exists for each temporal ridge to show a distinct angle at the frontal-parietal suture, as seen in dorsal view, in the 2N 5 42 group but not in the 2N538 group. In the 2N 5 38 group the lateral margin of the foramen forms a prominent raised ''pterygoid bridge,'' and the posterior margin is low, with the internal maxillary artery passing through the foramen ovale (Fig. 3A, c) . In the 2N 5 42 group the bone surrounding the foramen is completely on 1 plane, and the artery passes entirely dorsal to the bone and the foramen (Fig. 3A, d) . One of the 2N 5 38 group from Avallanchi is asymmetrical in this respect, showing the 2N 5 38 state on the left and the 2N 5 42 state on the right. Apart from that, this is 1 of the most constant differences between the 2 groups. In the 2N 5 38 group the dorsal margin of the mastoid shows a distinct notch at the position of the mastoid foramen and also a horizontal ridge across the ventral part of the exposed bone (Fig. 3B, c) ; these are both lacking in the majority of the 2N 5 42 group (Fig. 3B, d) . A small, discrete, dorsal protrusion of the squamosal bone extends into the parietal just anterior to the mastoid crest in all but 1 of the 2N 5 38 group (Fig. 3B, c ) but in only a minority of the 2N 5 42 group (Fig. 3B, d ). The greatest transverse width across M1 is 1.9-2.0 mm in all the 2N 5 38 group and .2.0 mm in most of the 2N 5 42 group. The anterior surface of each auditory bulla is smoothly rounded (apart from the eustachian tube; Fig. 3A , c) in most individuals but comes to a small, sharp point (Fig. 3A, d ) in a small minority of the 2N 5 38 group and a larger minority of the 2N 5 42 group. In lateral view the bullae tend to appear more truncate posteriorly in the 2N 5 38 group. The anterior palatal foramina tend to be narrower anteriorly in the 2N 5 38 (Fig. 3A, a) and more variable, but usually more parallel-sided, in the 2N 5 42 group (Fig. 3A, b) ; however, no dimorphism is apparent. As seen in lateral view, the opening of the lachrymonasal capsule is about 45u to the horizontal (Fig. 3B, a) in the 2N 5 38 group and more nearly horizontal, but more variable (Fig. 3B, b) , in the 2N 5 42 group. Based on morphology and chromosomes, the composition of the geographical groups is as follows. All the specimens from Mudumalai (n 5 6, including 2 karyotyped ones with 2N 5 38), Attur (n 5 2), Masinagudi (n 5 1), and Gandikayndi (n 5 1) were clearly in the 2N 5 38 group, showing noticeable variation in some characters. The specimens from Masinagudi and 3 from Mudumalai have pure white venters; all others have some gray-based hairs. The 2 specimens from Indunagar have been karyotyped as 2N 5 42 and show the entire suite of characters of the 2N 5 42 group. Of the 10 specimens from Avallanchi, 6 are in the 2N 5 38 group (1 karyotyped) with very little variation, and 4 are in the 2N 5 42 group with considerably more variation. All-white and gray-based venters are present in each group. Of the 8 rats caught from Kotagiri, 3 are in the 2N 5 38 group (including 2 karyotyped) with no variation in any of the 14 most significant characters. The other 5 show a predominance of characters of the 2N 5 42 group but less consistently-all have a significant minority of 2N 5 38 character states. However, all 5 have pure white venters.
Genetic analysis.-The electrophoresis analysis of allozymes revealed that among the 23 putative loci, 14 (Adh, EC 1.1.1.1; Es2, EC 3.1.1.1; alpha-Gpd, EC 1.1.1.8; Got1 and Got2, EC 2.6.1.1; Idh1, EC 1.1.1.41, and Idh2, EC 1.1.1.42; Mdh1 and Mdh2, EC 1.1.1.37; Pgd, EC 1.1.1.43; Pgm2, EC 2.7.5.1; Sdh, EC 1.1.1.14; and Sod1 and Sod2, EC 1.15.1.1) were monomorphic and identical for all specimens of South Indian rats. The remaining 9 loci (Alb; Es10, EC 3.1.1.1; Gpd1, EC 1.1.1.47; Gpi, EC 5.3.1.19; Mod2, EC 1.1.1.40; Mpi, EC 5.3.1.8; Np, EC 2.4.2.1; and Ldh1 and Ldh2, EC 1.1.1.27) were polymorphic (allelic frequencies available upon request from corresponding author) and allow a clear-cut discrimination into 2 genetic groups identical to the morphological types. Considerable genetic difference was found between these 2 groups, as indicated by a value of 0.48 for Nei's (1972) distance (Table 3) . At the 9 discriminating loci no allele was shared by the 2 groups, indicating a lack of gene flow.
The specimens from the villages of Gandikayndi (n 5 1) and Attur (n 5 3) are of the 2N 5 38 group, and they have the same allelic composition as the 2N 5 38, forest-inhabiting rats of Avallanchi.
For comparison, 2 distantly related (She et al. 1990 ) species of Mus (M. musculus domesticus and M. cervicolor) were included in the electrophoretic analysis. These 2 species have 8 loci with fixed differences, resulting in a Nei's distance of 0.48 (modified from Bonhomme et al. 1984) . Furthermore, the 2 species of Rattus differ from the 2 representatives of Mus at 18 loci, which corresponds to a genetic distance of 1.16. The matrix of electrophoretic distances (Table 3) indicated that the 2 forms of Indian rats and the 2 species of mice, M. cervicolor and M. musculus domesticus, represent distinct entities (Fig. 4A) .
The IRBP (1,185 bp) and COI (655 bp) sequences were obtained for all 14 South Indian rat specimens taken into account for phylogenetic reconstructions. Cytb amplifications (1,140 bp) failed for 2 samples (T-0810 and T-811) and were considered as missing data in the subsequent analyses. New sequences have been deposited in GenBank under the accession numbers HM217718-HM217754. No significant difference in nucleotide compositions was detected between taxa. Maximum-likelihood analysis yielded a highly resolved tree (Fig. 4B) . Most relationships among Rattus species are well sustained (Bp 5 72-100). The R. rattus species group (Rr) appears to be monophyletic (Bp 5 98) and was placed as sister to the monotypic R. exulans species group (Re; Bp 5 100). The R. norvegicus species group (Rn) was placed as sister to the clade ''R. exulans species group-R. rattus species group.'' The 10 specimens of the 2N 5 38 group cluster with high support among the other worldwide representatives of R. rattus. This monophyletic cluster is closer to R. tanezumi than to any other Southeast Asian rat species. The four 2N 5 42 specimens cluster in a monophyletic group (Bp 5 100) placed as sister to the R. norvegicus species group, embracing here R. norvegicus and R. nitidus. Although this latter association is supported only moderately (Bp 5 72), the 2 morphological forms of South Indian rats clearly appear in our tree as distinct entities.
Based on the numbers of substitutions per site from averaging over all Cytb sequence pairs between groups (Table 4) , genetic distance between R. rattus and South Indian 2N 5 38 groups is 0.60%, less than intraspecific variation within R. rattus (0.74%). This value reached 11.9% between the 2 South Indian forms (2N 5 38 versus 2N 5 42).
DISCUSSION
Identity of the 2 chromosomal forms of South Indian rats.-The diagnoses of the 2 forms of South Indian rats can be summarized as follows. The 2N 5 38 group has the bullae Nei's (1972) genetic distances between Rattus rattus (2N 5 38 form), Rattus satarae (2N 5 42 form), Mus cervicolor, and Mus musculus domesticus, based on the observed variation at 23 presumptive loci. The allelic frequencies of Mus spp. are derived from Bonhomme et al. (1984 relatively long (.16.3% of greatest length of skull), the postglenoid foramen narrow, the foramen ovale with uneven margin, and the opening of the lachrymonasal capsule oblique (,45u to horizontal). This form has a 2N of 38 chromosomes, with an FN of 62, fast-moving electromorphs for isozymes Alb, Es10, Ldh2, and Gpi, and slow-moving electromorphs for isozymes Gpd1, Ldh1, Mod2, Mpi, and Np. In contrast, the 2N 5 42 group has the bullae relatively short (,16.3% of greatest length of skull), the postglenoid foramen wide and triangular, the foramen ovale with an even margin, and the opening of the lachrymonasal capsule almost horizontal. Its 2N is 42, with an FN of 58 arms. The electromorphs for isozymes Alb, Es10, Ldh2, and Gpi are slow-moving, and the electromorphs for isozymes Gpd1, Ldh1, Mod2, Mpi, and Np are fast-moving. Unfortunately, no way has been found to provide complete discrimination between these 2 forms by external characters; ventral color is not reliable. All type specimens of forms allocated to R. rattus sensu lato from India and Nepal in the collections of the British Museum (Natural History) were examined and scored for the characters that are correlated with chromosome number or biochemical group, or both, in the South Indian collection.
Rattus satarae Hinton, 1918 :87 (type locality ''Ghatmatha, Satara District, Western Ghats, 2000 ft'') was 1st examined. The holotype (BMNH 15.7.3.56) agrees well with the karyotyped 2N 5 42 group from South India in 10 of 14 cranial characters, including the most significant ones mentioned in the diagnosis. R. r. rufescens (Gray, 1837) , with a type locality of Dharwar, India, also was studied. The skull of the holotype (BMNH 44.9.15.2) is badly damaged but the Table 3 . Note that the amount of genetic distance separating R. satarae and R. rattus is as large as the one measured between Mus domesticus and Mus cervicolor. The tree was rooted at midlength of the segment joining Mus and Rattus. B) Tree depicting phylogenetic affinities of the 2 South Indian forms with each other and with the other continental Southeast Asian rat species. Phylogenetic reconstruction was based on the analysis of the combined Cytb, COI, and IRBP genes and performed following a partitioned maximum-likelihood method. Bootstrap percentage (Bp) values are shown above branches. Rr stands for Rattus rattus species group, Re for Rattus exulans species group, and Rn for Rattus norvegicus species group, following Musser and Carleton (2005) . At the right of the tree species are labeled according to Pagès et al. (2010). postglenoid foramen and the lachrymonasal capsule agree with the 2N 5 38 form. In summary, these comparisons indicated that R. satarae has the morphology of the 2N 5 42 group, whereas the 2N 5 38 individuals correspond to the Indian form, R. r. rufescens. Another subspecific name of R. rattus from South India is wroughtoni (R. r. wroughtoni Hinton, 1919) , whose type locality is Coonor, Nilgiri Hills, in the same montane region where our samples were collected. The holotype and 2 paratypes of wroughtoni show all the cranial characters of the 2N 5 38 group; hence this name cannot be applied to the form with 42 chromosomes, as was wrongly done by Gadi and Sharma (1983) . Similarly, an examination of the holotypes of Mus rufescens Gray, 1837, M. brunneus Hodgson, 1845, R. r. narbadae Hinton, 1918 , R. r. bhotia Hinton, 1918 , R. r. tistae Hinton, 1918 , and R. r. girensis Hinton, 1918 , indicates that all of these specimens have predominantly the 2N 5 38 morphology. The holotype of R. r. gangutrianus Hinton, 1919 , from Kumaon, northern India, is enigmatic, although tending toward the 2N 5 38 form. Caldarini et al. (1989) reported 6 specimens from Himachal Pradesh, northern India, with 2N 5 42 and called them R. r. gangutrianus. However, this name is likely to have been applied on geographical grounds, and it is possible that both chromosomal forms exist there as in South India. Further east, the holotypes of the following forms of R. rattus all appear to be closer in morphology to the 2N 5 38 than to the 2N 5 42 form: R. r. tatkonensis, R. r. tikos, R. r. khyensis (all Hinton, 1919, Burma) ; Mus griseiventer Bonhote, 1903 (Perak, Malaysia) , R. r. portus (Kloss, 1915 ) (Chang I, Thailand), R. r. robinsoni Chasen, 1940 (Samui I, Thailand) , R. r. pipidonis Chasen, 1940 (Pipidon I, Thailand) , and R. r. ambonensis Laurie and Hill, 1954 (Ambon, Moluccas) . An examination of other specimens of R. rattus from some other parts of its range (Kenya, United Kingdom, Malaysia, and China) indicate that the morphological characters of the 2N 5 38 group are the norm.
Evidence for Rattus rattus cf. rufescens and Rattus satarae as biological species.-In the Nilgiri Mountains of South India both forms were caught in sympatry, and eventually in syntopy, in the same wet, evergreen forest (''shoal'') at 2 localities: Avallanchi (6 R. satarae and 6 R. r. cf. rufescens) and Kotagiri (5 R. satarae and 3 R. r. cf. rufescens). In these 2 places no preference for a particular biotope was noted for either of the 2 species. From the collections of the BMNH it appears that R. satarae and R. rattus coexist in 3 other localities of South India: Ghotmatha (type locality for satarae), Cheteri Range, and Coonor.
The electrophoretic survey of the 2 individuals of R. satarae and 4 individuals of R. r. cf. rufescens caught in sympatry at Avallanchi indicates 9 discriminating loci whose alleles unambiguously define each species (available upon request from the corresponding author). We caution that our sample sizes are small, and future studies might provide evidence of allelic polymorphism, which would diminish the number of discriminating loci. Moreover, the amount of genic divergence, as expressed by Nei's genetic distance computed for 23 loci, is as large between R. satarae and R. r. cf. rufescens (0.48) as between distant biological species of mice such as M. musculus domesticus and M. cervicolor. By comparison with similar electrophoretic studies in other murid rodents, it appears that a Nei's distance of 0.4-0.5 characterizes welldifferentiated species or closely related genera, or both, such as Apodemus mystacinus and A. sylvaticus (Filippucci 1992) , R. norvegicus and R. exulans (Pasteur et al. 1982) , and Arvicola and Microtus (Chaline and Graf 1988) .
Based on 45 loci, of which 18 were identical to ours, Baverstock et al. (1983) calculated a Nei's distance of 0.24 between the chromosomal forms 2N 5 38 and 2N 5 42 of Rattus cf. rattus. Baverstock et al. (1983) stated that the 2N 5 38 and 2N 5 42 forms likely were separate biological species. On the basis of this information, the level of genetic distance among the 2 studied Indian forms supports the conclusion that they belong to 2 distinct species.
Estimated Cytb genetic distances strengthen this conclusion. Between representatives of R. rattus and the 2N 5 38 form, this value is only 0.60%. Following Bradley and Baker (2001) , who proposed the level of variation in Cytb sequences as a reference point in making decision concerning species TABLE 4.-Estimates of evolutionary divergence (in % substitution differences) over Cytb sequence pairs between rat groups. Analysis was performed using the Kimura 2-parameter method in MEGA version 4.0 (Tamura et al. 2007) . Intragroup variations are given on the diagonal of the tree in boldface type. Relevant values to assess the specific status of Indian 2N 5 42 form are indicated in boldface italic type (Rattus rattus intragroup variation, Indian 2N 5 42 form intragroup variation, evolutionary divergence between the 2 Indian forms). (Bradley and Baker 2001) . The main karyotypic differences between R. satarae (2N 5 42) and R. r. cf. rufescens (2N 5 38) consist of 2 Robertsonian translocations, 2 pericentric inversions, and the relative size of the Y chromosome. In our opinion these differences are large enough for maintaining a cytogenetic isolation between the 2 species. This might be the reason why no hybrid karyotype was observed, confirming previous observations from other regions of sympatry (Lakhotia et al. 1973; Yosida et al. 1974) . One possible deviation from this observation exists, a sample of 3 specimens from Karachi (Pakistan) with the similar karyotype 2N 5 39 (Yosida et al. 1974) . This initially was interpreted as representing 1 of the several hybrid karyotypes segregating after a 2N 5 42 and 2N 5 38 admixture. We believe that this 2N 5 39 Karachi sample is a fission-fusion polymorphism, not the result of hybridization, because a thorough examination of this alleged ''hybrid'' karyotype shows that the Karachi specimens have all the characteristic features of the 2N 5 38 form (pairs 9 and 13 are subtelocentric, the Y chromosome is large). For Capanna (1974:224) the chromosomal polymorphism of the black rat (in Southeast Asia and India) is linked with a tremendous morphological polymorphism ''so that in Ellerman's (1941) checklist one can find over 60 subspecies of Rattus rattus for the Indo-Malayan area only.'' The relationship of Rattus r. rufescens with R. r. rattus of Europe and, by introduction, other parts of the world, has long remained unclear, as has the relationship between these Indian forms and R. rattus with 2N 5 42 in Malaysia and elsewhere in eastern Asia. Now, as evidenced by our DNA sequences, it appears that R. satarae is a genetically well-differentiated species among the remaining black rats.
Phylogenetic position of the 2N 5 42 forms among other Rattus species.-In our molecular phylogeny, where most relationships among Rattus species described elsewhere (Pagès et al. 2010; Robins et al. 2007 ) are well supported, the 2 morphological forms of South Indian rats appear clearly as distinct entities. Whereas the 2N 5 38 form clusters inside the R. rattus species group, the 2N 5 42 form clusters with representatives of the R. norvegicus species group. According to Musser and Carleton (2005) , this latter group encompasses only R. norvegicus, R. nitidus, and R. pyctoris, all characterized by dense fur, 6 pairs of teats, and an upper M1 with a reduced or undetectable anterolabial cusp relative to the adjacent 2 cusps forming the anterior lamina. Considering our tree, the 2N 5 42 Indian form could belong to the R. norvegicus species group. If that is true, shared morphological characters of the R. norvegicus species group (number or teats, etc.) need to be reassessed. This association is supported only moderately (Bp 5 72), and independent molecular evidence does not sustain it. Sequences of exon 10 of the gene encoding growth hormone receptor were obtained concomitantly to this work (data not shown). The growth hormone receptor alignment includes diagnostic insertion-deletion (indel) events (Lecompte et al. 2008) . As rare genomic changes, indels have been considered perfect markers of common descent (Springer et al. 2004) . R. norvegicus and R. nitidus GHR sequences exhibit a 3-bp indel that is not present in other Rattus species (R. exulans, R. rattus, R. argentiventer, R. andamanensis, R. tanezumi, R. tiomanicus, and R. losea) tested until now. According to our preliminary results this 3-bp indel could be a shared derived character diagnostic of the R. norvegicus species group. The 2N 5 42 Indian form (4 specimens analyzed) does not exhibit such a growth hormone receptor indel. Collectively, the evidence favors exclusion of the 2N 5 42 Indian form from the R. norvegicus species group.
Recognition of cryptic rodent species often is reported in the literature (Aniskin et al. 2006; Ben Faleh et al. 2010; Dobigny et al. 2008; Ducroz et al. 1998; Granjon et al. 1997 Granjon et al. , 2002 Volobouev et al. 2002a Volobouev et al. , 2002b . Comparison of morphological and molecular results often reveals some discrepancies between them. For instance, a morphologymolecules conflict occurred for the African Praomyini (Murinae), for which a very small morphological differentiation exists that contrasts with a high molecular differentiation among savannah species (Lecompte et al. 2005) . Among DNA data, inconsistencies between mitochondrial and nuclear data also are notorious (mainly due to hybridization and introgression events or to retention of ancestral polymorphism and incomplete lineage sorting- Ballard and Whitlock 2004) . These reports stressed the necessity to develop integrative approaches combining morphological, molecular (mitochondrial and nuclear), and cytogenetic data to clarify the taxonomy of confusing groups such as Rattini.
Concerning Indian black rats, the most obvious external character (white or gray-brown ventral pelage) is not reliable because each species shows both character states. Rather, examination of cleaned skulls for assessing the size or shape, or both, of the auditory bullae, postglenoid foramen, foramen ovale, and lachrymonasal capsule is necessary to identify R. rattus cf. rufescens and R. satarae. In addition to skull morphology, other kinds of characters (chromosomal, biochemical, and molecular) allow unambiguous recognition and characterization of those sympatric species, 1 of which (R. satarae) has an isolated position in the molecular phylogenetic tree of other continental Southeast Asian rat species.
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